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H i g h - R e s o l u t i o n  P h o t o t h e r m a l  L a s e r  P r o b e
CLAYTO N C. W IL LIA M S, m e m b e r , ie e e
Abstract— An advance in photothermal imaging is described. A pho­
tothermal laser probe is presented that operates at a frequency of 1 
GHz. At this frequency the spacial resolution is limited only by the 
optical spot size of the probe beam. The photothermal sensitivity of the 
probe is 1.2 x 10-4 degrees Celsius with a 5-mW probe beam and a 1- 
Hz bandwidth. The theoretical basis for the photothermal sensitivity 
will be presented along with an experimental description and verifica­
tion of the theory. High-resolution photothermal images of implanted 
silicon will also be presented.
I. I n t r o d u c t io n
M O ST PH O T O T H E R M A L  and photoacoustic im ag­
ing techniques have lim ited  sensitiv ities at frequen­
cies w here the therm al wavelength is sm aller than the re­
g ion  over which periodic heat can be deposited . Under 
these circum stances, the phototherm al resolution is lim ­
ited  by the frequency o f  operation. T his paper describes a 
phototherm al laser probe that operates near 1 G H z. At 
this frequency the therm al wavelength in solids is sm all 
com pared to the wavelength o f  ligh t, and the resolution is 
essen tia lly  lim ited  only by optical diffraction. The pho­
totherm al probe is a noncontacting optical technique that 
is  based on photoelastic coupling betw een  optical and 
acoustical fields in a h igh-pressure gas under collinear  
Bragg-scattering conditions.
The phototherm al probe has b een  im plem ented in the 
fo llow ing arrangem ent. An intensity m odulated pump  
beam is tightly focused  onto the surface o f  a solid in a cell 
filled w ith argon gas at high pressure (see  Fig. 1). The 
m odulated pum p beam  generates a harm onic tem perature 
distribution that couples to an acoustic wave in the gas at 
the surface o f  the solid . A  second  beam , the probe, is 
collinearly aligned  w ith  the pum p and a lso  tightly focused  
to the sam e location on the sam ple. W hen the m odulation  
frequency o f  the pum p beam  is near 1 G H z, the collinear  
B ragg-scattering condition is m et, and a portion o f the 
probe beam  is back-scattered  or back-reflected  from the 
sound propagating in the gas. T he probe ligh t, which is 
scattered from  the sound in the gas, is sh ifted  upwards in 
frequency, so it can be heterodyned in an optical detector  
w ith the probe ligh t, w hich is reflected from  the solid  sur­
face (see  Fig. 2 ). A s w ill be explained in later sections, 
the heterodyne signal is proportional to the ac surface
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Fig 2. Illustration of the two reflected components of the incident probe 
beam.
SOLID
tem perature over the region o f  the solid  that is illum inated  
by the tightly focused  probe beam . A phototherm al im age  
is obtained by scanning the object in tw o dim ensions rel­
ative to the focused  beam s. This provides a m easure o f  
the therm al properties o f  the solid with high spatial reso­
lution.
In this paper the theoretical basis for the phototherm al 
laser probe w ill be presented. The sensitivity w ill be ca l­
culated w ith argon gas as the coupling m edium . A  figure 
o f m erit w ill also be established by which various coupling  
m edia may be evaluated. A  com parison w ill then be m ade 
b etw een  three high resolution phototherm al and photo­
acoustic techn iques. Finally, an experim ental description  
and verification o f  the theory w ill be presented including  
high-resolution phototherm al im ages o f  boron-im planted  
silicon .
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where E  and P NL are envelope functions o f  E  and P NL. 
Both are functions o f  tim e and space. I f  these definitions 
are substituted into (1), and the slow ly varying envelope
approxim ation is em ployed in steady state, the result is
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Fig. 3. Collinear Bragg-scattering geometry.
II. A c o u s t ic  B r a g g - S c a t t e r in g  E f f ic ie n c y
W hen optical and acoustic fields are superim posed in a 
so lid , liquid, or gas, a nonlinear optical polarization is 
generated at the sum and difference frequency o f  the two  
driving fields. The nonlinear polarization reradiates or 
scatters the incident fields w ith an efficiency that depends 
upon the coherent sum m ation o f  the nonlinear source over 
the interaction region . In this section  the acoustooptic  
scattering efficiency in a gas w ill be calcu lated  under on e­
dim ensional collinear B ragg-scattering conditions (see  
Fig. 3).
The justification  for using a one-dim ensional analysis to 
treat the acoustooptic scattering o f  a foe ased optical probe 
beam  by a focused  ac ustic beam  is the follow ing. B e­
cause the acoustic attenuation o f  the gas is extrem ely high, 
the interaction region o f  the optical and acoustic beam s is 
very short, on the order o f  several m icrom eters. Over this 
distance the wavefronts o f  the acoustic and optical beam s 
at focus rem ain quite w ell m atched, even under fairly tight 
focusing conditions. W hen the wavefronts are m atched, 
and all the scattered light can be co llected  w ithin  the an­
gular aperature o f  the collection  objective, a on e-d im en ­
sional analysis should adequately predict the scattering e f ­
ficiency o f  the acoustooptic interaction.
A. ln h o m o g e n e o u s  W ave E q u a t io n  w ith  A c o u s to o p t ic  
S o u rc e  Term
B eginning with M axw ell’s equations and the constitu­
tive relations for an isotropic lossless m edium , one obtains 
the fam iliar one-dim ensional traveling wave equation with  
a nonlinear source polarization term  [1]
w here rj =  V(/ule) is the wave im pedance o f  the m edium . 
Integration over the source region results in the following:
fJo {  0>r,PNL(z ' ,  t)  d z '  +  E { 0). (5)
This equation relates the scattered electric field strength  
E  to the nonlinear polarization envelope function P NL.
B. C a lc u la t io n  o f  th e  A c o u s to o p t i c  N o n l in e a r  S o u rc e  
P o la r i za t io n
B efore calcu lating the nonlinear source polarization  
term , the photoelastic relation in the gas m ust be estab­




N (e  +  2)
(6)
w here ccpol is the m ean polarizability o f  the atom s or m ol­
ecules; e0 is  the perm ittivity o f  the free space; e is the 
relative d ielectric constant; and N  is the num ber o f  atoms 
or m olecules per unit volum e. For a gas, where (e -  1) is 
much less than on e, it can b e shown that
1)
M*poi P
~  M W e0 ’
(7)
where M W  is the m olecular or atom ic w eight o f  the m e­
dium , and p  is the density. The derivative o f  (7) provides  
a relation betw een  a change in density o f  the gas b p ,  and 
the corresponding change in the relative d ielectric con ­
stant Se. T he result is
bp










w here E  is the scattered electric field strength as a func­
tion o f  tim e and space; n is the index o f  refraction at the 
frequency o f  interest; c  is the velocity o f  light in vacuum; 
jx is the perm eability; and P NL is the acoustooptic nonlin­
ear polarization, a lso  a function o f  tim e and space. The 
scattered electric field com ponent E  and nonlinear source 
polarization P NL are defined to be o f  the follow ing form:
is the acoustic condensation. Equation (8) is the photo­
elastic relation for an ideal gas.
The nonlinear polarization P NL can now  be calcu lated  
using the constitutive and photoelastic relations in the gas, 
and the tw o incident optical and acoustic fields. The con ­




The change in polarization b P  caused by a change in the 
dielectric constant be,  g iven  an electric field E ,  is
b P  =  enbeE . (11)
C om bining (8) and (11) the nonlinear polarization is given  
by
p NL = bP = e0(e -  1 )SE. (12 )
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Fig. 4. The fc-vector matching condition for collinear Bragg-scattering.
The nonlinear polarization can be seen to be proportional 
to the product of the incident acoustic and optical field 
strengths.
C. Scattering Efficiency 
The nonlinear polarization envelope can now be substi­
tuted into (5) to provide a relationship between the scat­
tered electric field and the incident optical and acoustic 
fields under collinear scattering conditions. If the k-vector 
mismatch (see Fig. 4) is defined as
Ak =  k0 — ks + k (13)
and the scattering is assumed to be weak, with the expo­
nential sound attenuation constant a , and no contribution 
to the scattered field for z less than zero
Eo(z) «  E0 
S(z) =  S0e~az 
E(0) =  0
The scattered electric field strength is given by
E{z, t) =  —j  ^ wije0(e -  l)S 0E0eKao+u’-'*





If the k-vector matched case is assumed, Ak = 0, the 






(e -  l)Sb|
E0 _ 2aX0 _
r  =
2 o f \n
where Ak =  (w — co0)/Va and w0 is the acoustic frequency 
for which Ak is zero. Equation (19) provides a relation 
between the Bragg-scattering efficiency T and the peak 
acoustic condensation S0 in the gas under collinear scat­
tering conditions for arbitrary fc-vector mismatch. It pre­
dicts that the scattering efficiency has a Lorenzian depen­
dence upon the frequency of the acoustic wave in the gas.
III. H e te r o d y n e  S e n s i t iv i ty
Since the Bragg-scattered light is upshifted in fre­
quency, detection is made possible by optically mixing it 
in a photodetector with the unshifted light reflected from 
the surface of the solid. The optical mixing provides a 
very sensitive means of measuring the amount of Bragg- 
scattered light. The sensitivity is large because the het­
erodyne signal is proportional to the product of the signal 
(shifted) and reference fields (unshifted). When the ref­
erence field is large compared to the signal field, the het­
erodyne sensitivity can be many orders of magnitude bet­
ter than direct detection of the scattered light. Fur­
thermore, the signal can be optically mixed to a frequency 
where there is essentially no interference or background. 
To calculate the sensitivity of the probe, the noise con­
tributed in the detection and amplification process must 
be taken into account. In this section the signal-to-noise 
ratio of the probe will be calculated as a function of the 
Bragg-scattering efficiency.
The sensitivity of the heterodyne detection will be eval­
uated under the following conditions. The incident probe 
beam of average power P0 is reflected by the sound in the 
gas with power reflection coefficient F and reflected from 
the sample surface with power reflection coefficient R. 
Both reflected components propagate collinearly back to 
the photodetector, where they generate a heterodyne sig­
nal at the frequency of the acoustic wave in the gas. The 
optical heterodyne power is proportional to the product of 
the fields from these two reflections. The peak optical het­
erodyne power at the acoustic frequency ( w j  is given by
/>het =  2 J r P 0 V lTo =  2 \!r  V tP 0- (20)
Conversion of the optical heterodyne power to an RF sig­
nal takes place in the photodetector. The peak heterodyne 
current is given by
(18) *het a rP]het (21)
where T is the acoustic Bragg-scattering efficiency, and 
X0 is the vacuum wavelength of the probe beam. If no as­
sumption is made about the ^-vector matching, (17) must 
be evaluated for a nonzero Ak. If the integral is evaluated 
at a position z, far from the interaction region (z »  1/ 
a), the upper limit of the integral can be replaced by in­
finity without effecting the result. The scattering effi­
ciency in this case becomes
f(e -  D S o f
where a r is the responsivity (amps/watt) of the photode­
tector. The average signal power into the load resistor is 
thus given by
signal = \  4 ,  R, =  2a i R T P lR h (22)
(19)
There are three sources which contribute noise to the 
signal as it is detected and amplified: shot noise, Johnson 
noise, and amplifier noise. The total noise power contrib­
uted by these three sources is given by [3], [4]
Pnoise = 4KTBF  + 2 ea rBRP0Rl (23)
where K  is the Boltzmann’s constant; T is the absolute
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temperature; B is the bandwidth; F is the noise figure of 
the preamplifier; e is the electron charge; a r is the detector 
responsivity (A/W); /?/ is the load resistance; and P0 is the 





4KTBF +  2 earBRP0R,
(24)
This equation establishes the relationship between the sig- 
nal-to-noise ratio and the Bragg-scattering efficiency r , 
given the other detection system parameters.
One interesting point about the Bragg interaction must 
be made. After the incident probe beam is reflected from 
the surface of the solid, it sees another traveling acoustic 
wave. The Bragg condition is met once again for back 
scattering. However, the frequency in this case is down­
shifted because the sound wave is receding from the 
solid. The down-shifted light propagates back to the solid, 
where it is reflected, and then propagates away with the 
upshifted light. The result is a double sidebanded carrier. 
The phase relation between the upper and lower sideband 
relative to the carrier is identical to that found when phase 
modulation takes place. The distinguishing feature, how­
ever, is that the lower sideband has gone through two re­
flections from the surface of the solid. Since the reflectiv­
ity of the solid will always be less than one, the amplitude 
of the lower sideband will always be less than the upper 
sideband by a factor of R, the power reflectivity of the 
solid. The heterodyne signal, with this effect included, is 
now proportional to the difference between the sideband 
amplitudes rather than the amplitude of the single side­
band. To include this effect in the signal to noise ratio 
calculation, the reflectivity R in the numerator of (24) must 
be replaced by the following expression:
/?(1 - R f . (25)
One of the attractive features of this heterodyne scheme 
is that an interferometer is not required to detect the sig­
nal. This is the result ofthe fact that the sidebands on the 
carrier do not have equal amplitudes. In contrast, tech­
niques that rely on phase modulation of an optical carrier, 
such as displacement interferometry, must use a reference 
local oscillator that is in quadrature with the center carrier 
for demodulation. These techniques generally require a 
stabilized interferometer.
There may be circumstances where the use of an inter­
ferometer arrangement with the Bragg detection may be 
desirable. In cases where the surfaces are rough or highly 
absorbing, there would be advantage to using a reference 
that does not depend upon the surface reflectivity of the 
material being imaged. In these cases the probe beam 
could be split, a portion sent into the cell to be Bragg- 
scattered by the sound propagating in the gas, and the rest 
sent to the reference arm of the interferometer. The re­
flection from the sound propagating in the gas could then 
be mixed with the reference beam and a signal obtained 
independent of the reflectivity of the solid. Under these
circumstances, the signal-to-noise ratio would be given by 
(24) without the dependence upon the sample reflectivity. 
In most cases, however, the disadvantages of using a sta­
bilized interferometer outweigh the problems of having a 
signal that is dependent upon the reflectivity of the sample 
surface.
IV. T h e r m o a c o u s t i c  G e n e r a t i o n  o f  S o u n d  
When the surface temperature of a solid varies harmon­
ically with time, a periodic temperature distribution is 
generated in the surrounding gas. This temperature dis­
tribution couples to an acoustic wave through the expan­
sion of the gas. If the amount of sound generated by the 
expansion of the gas is large compared to the sound gen­
erated by the thermally generated displacement of the 
solid, then a measurement of the sound in the gas is equiv­
alent to a measure of the ac surface temperature of the 
solid.
A simple one-dimensional analysis can be used to de­
termine under what conditions the contribution of the gas 
will be large compared to the contribution of the solid. 
The surface displacement of a solid when periodically 
heated at its surface can be shown to be approximately 
equal to [5]
Us = a s60\ a (26)
where a s is the linear coefficient of expansion of the solid; 
0o is the peak sinusoidal temperature variation at the sur­
face of the solid; and X„ = V(2ks/oj) is the thermal wave­
length in the solid. This surface displacement Us causes 
an equal displacement in the gas, since the acoustic dis­
placement at the interface must be continuous. In addi­
tion, the thermal expansion of the gas generates a dis­
placement in the gas, which is given by
Ug = a ge0\ lg (27)
where the same definitions as above apply for the gas. 
Since the acoustic power density is proportional to the 
square of the displacement, the ratio squared of the two 
displacements gives the relative amount of power contrib­
uted by the expansion of gas as compared with the expan­





Table I shows the relative power contribution of argon gas 
at a pressure of 100  atmospheres as compared with several 
solids. As can be seen from the table, for many materials, 
the amount of acoustic power in the gas is essentially de­
termined only by the temperature fluctuation at the sur­
face of the solid.
When the optical absorption depth Lopt is finite, the cal­
culation shown above must be modified. Under this con­
dition, the displacement ratio is approximated by the fol­
lowing expression.
a x
Us a,v(X rv -I" ^opt)
(29 )
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TABLE I
R e l a t iv e  S o u r c e  S t r e n g t h  o f  A c o u s t ic  P o w e r  in  t h e  G a s  [6 ] ,  [7 ]
Silicon Fused Quartz Gold Aluminum
Exp. Coeff. (as) 2.5 x 10“6 5.5 x 10 7 1.3 x 10 3 2.3 x 10 5
Diffusivity («) 1.0 x 10 4 8.3 x 10"7 1.3 x 10 4 9.6 x 10 4
Power ratio (P /P s) 4.3 x 102 1.1 x l O 6 1.2 x  10' 5.33
In silicon, where the optical absorption depth is approxi­
mately 4000 A for green light, the power contributed by 
the gas is nearly two orders of magnitude larger than that 
contributed by the solid.
Since the acoustic power in the gas is essentially deter­
mined by the harmonic temperature at the surface of the 
solid, a relationship can be established between this tem­
perature and the acoustic condensation in the gas. Because 
the acoustic impedance of the solid is much larger than 
that of the gas, the thermoacoustic generation of sound in 
the gas can be considered to be under contrained bound­
ary conditions. The acoustic condensation generated ther- 
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table  ii
Experimental C o n d it io n s — A r g o n  G a s  (100 atm., 300°K|
Detector responsivity ar .33 A/W
Sample reflectance R .5
Incident optical power Po 5.0 mW
Load resistor R, 50 fl
Boltzman constant K 1.38 x 10 23 7/°K
Temperature T 300° K
Noise figure F 1.77 (2.5 db)
Optical wavelength \> 632 nm
Dielectric constant e 1.055
Acoustic atten. const. a 1.7 x 105/m
Acoustic jfc-vector (1.03 GHz) K 1.98 x 107/m
Linear expansion coeff. «* 1.11 X lO-3
Thermal fc-vector (1.03 GHz) k, 1.2 X 108/m
where ka and k, are the acoustic and thermal ^-vectors in 
the gas; a g is the expansion coefficient of the gas; and 00 
is the peak ac temperature rise at the surface of the solid. 
This provides a relationship between the magnitude of the 
sinusoidal surface temperature of the solid 0o and the mag­
nitude of the acoustic condensation in the gas S0. This 
result can now be used to relate the Bragg-scattering ef­
ficiency to the harmonic surface temperature of the solid.
V. PHOTOTHERMAL SENSITIVITY
Using the results from the three previous sections, the 
photothermal sensitivity of the probe can be calculated. 
Combining (18) from Section II and (30) from the pre­
vious section, the Bragg-scattering efficiency T under 
phase matched conditions can be related to the harmonic 
surface temperature 0O
-\2 /, x 2
This characterizes the photothermal sensitivity of the 
probe. Table II contains the experimental conditions under 
which this sensitivity will be evaluated. With these values, 
the photothermal sensitivity is given by




e l  (3i)
If this relation is substituted into equation (24) of Section 
III
(32)
an expression is obtained for the signal-to-noise ratio as a 
function of the harmonic surface temperature of the solid
S _  / _____2a 2rRP20R,
N ~
(33)
In a 1-Hz bandwidth, the minimum detectable harmonic 
temperature variation is given by
0mjn = 1.2 X 10-4oC (35)
This sensitivity compares very favorably with the sen­
sitivities of other techniques as shown in Section VII. Fur­
thermore, this temperature variation need not occur over 
a region larger than the optical probe spot size.
VI. A c o u s t o o p t i c  C o u p l i n g  M e d iu m —
F ig u r e  o f  M e r it
In the previous section a relation was established be­
tween the signal-to-noise ratio and the ac temperature at 
the solid surface given the optical, electrical, and physical 
properties of the detection system. This relation was then 
used to calculate the photothermal sensitivity with argon 
gas as the acoustooptic coupling medium. Although argon 
gas is very attractive as an acoustooptic coupler, many 
other gases and liquids could potentially be used to couple 
the photothermally generated sound to the probe beam. In 
this section a figure of merit for the coupling medium will 
be derived from (33) of the previous section, and various 
liquids and gases will then be evaluated for use in the pho­
tothermal laser probe.
The sensitivity of the photothermal probe depends upon 
the characteristics of the acoustooptic coupling medium 
through the following parameters: the dielectric constant
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TABLE III






Argon gas (100 atm.) 1.03 1.0
Argon liquid (87°K) 2.7 360
Nitrogen liquid (77 °K) 2.7 4.7
Helium liquid (4.2°K) 0.57 150
Water (300°K) 4.9 0.12
Air (300°K, 1 atm.) 1.0 IO-6
e; acoustic attenuation constant a; acoustic velocity Va\ 
linear expansion coefficient ag; and thermal diffusivity k. 
A figure of merit can be defined using these parameters 
in such a way as to make possible the relative evaluation 
of different acoustooptic coupling media. The signal-to- 
noise ratio calculated in the previous section is propor­
tional to the properties of the coupling medium in the fol­
lowing way
S (e -  1 )2a 2gK 
— oc *
N  f a
(36)
A figure of merit is obtained if the right side of this equa­
tion is normalized by the signal-to-noise ratio obtained 
with a reference medium: argon gas at a pressure of 100 
atmospheres
2 2




Table III shows several different gases and liquids with 
their associated figure of merit as calculated using (37).
As can be seen, there are reasons for using cryogenic 
liquids as the coupling media. This may be especially in­
teresting for evaluation crystaline defects and doping in 
silicon or other semiconductors. At room temperature, the 
thermal conductivity of silicon is almost independent of 
the defect concentration unless the density is greater than 
1018/cm3 [8]. The reason for this is that the dominant 
phonon scattering mechanism at room temperature is 
three-phonon scattering or umklapp scattering. Only at 
lower temperatures is the scattering dominated by impur­
ity scattering. Theory predicts that with liquid argon 
(87°K) as the coupling liquid, defect densities well below 
1018/cm3 should be measurable. Furthermore, the sensitiv­
ity of the probe is enhanced by more than two orders of 
magnitude by the use of liquid argon rather than the high- 
pressure gas. Working with liquid argon would also re­
quire that a higher pump beam modulation frequency be 
used as is shown in Table III.
VII. C o m p a r is o n  o f  P h o t o a c o u s t i c  a n d  
P h o t o t h e r m  a l  T e c h n i q u e s
It is difficult to make a direct comparison of many of 
the available photothermal and photoacoustic techniques
due to the wide range of applications, resolution require­
ments and frequencies employed. There are several high- 
resolution techniques, however, that can be evaluated and 
compared in a clear way when performing a specific func­
tion. The three techniques that will be compared are pho­
todisplacement interferometry, photoacoustic detection 
with an acoustic lens, and photothermal Bragg detection. 
The comparison can be made by calculating for each tech­
nique the smallest harmonic temperature variation at the 
surface of a solid that can be detected within a given band­
width. The evaluation will be made at a frequency of 1 
GHz, since the photothermal Bragg detection is locked at 
this frequency by the Bragg resonance. After calculation 
of the individual sensitivities of these three techniques, 
the results will be discussed and compared.
To determine the sensitivity of photothermal displace­
ment interferometry, a periodic temperature at the surface 
of a solid must be related to the thermoacoustically gen­
erated displacement. Then, using published values of dis­
placement sensitivity, the sensitivity to periodic tempera­
ture can be calculated.
If a solid is periodically heated at its surface, the re­
sultant harmonic temperature varies over a region of ap­
proximately one thermal wavelength. The resultant sur­
face displacement is given approximately by [5]
Us =  e0as\ ts (38)
where 0O is the peak harmonic temperature; a s is the linear 
expansion coefficient; and \ ts is the thermal wavelength at 
the frequency of the harmonic temperature. This provides 
the relation between harmonic temperature and surface 
displacement. The minimum detectable surface displace­
ment with interferometry has been reported as 3 X 10~ 4 
A with a 0.1 second integration time [9]. The displace­




The combination of the two previous relations provides a 
photothermal sensitivity for displacement interferometry, 
given by
10 - 4
x ,cV h z
(40)
a
For the case of the acoustic lens, the surface displace­
ment must be converted to an acoustic power density in 
the coupling liquid. The assumption is made that the 
acoustic loading of the surface displacement by the cou­
pling liquid is small. This is a good approximation be­
cause the impedance of most liquids is very small com­
pared to the impedance of solids. Without loading, the 
power density in the liquid created by the displacement of 
the solid is given by
(41)
where Zs is the acoustic impedance of the liquid, and co is
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the radian frequency of the modulation. Using (38), this 
power density can be related to the surface temperature of 
the solid
II 12
-  ( j (42)
The total acoustic power generated by this periodic tem­
perature over a given area is
(area). (43)
The photothermal sensitivity for the acoustic lens can 
now be calculated. If the acoustic detection efficiency of 
the lens is near 10 ~2—including attenuation at 1 GHz— 
and the noise is given by IO-20  W/Hz, the minimum de­
tectable acoustic power at the focus is approximately given 
by
KT18
watts. (44)P =1 min Hz
The photothermal sensitivity of the acoustic lens is there­
fore given by
JZ;area \coas\ , s
1
3C. (45)
The expressions for the photothermal sensitivity of in- 
terferometry and acoustic lens techniques will now be 
evaluated using material values for silicon and one-square- 
micrometer area. Under these conditions, the minimum 
detectable harmonic temperature for the interferometric 
technique is give by
2.2 x  10~2°C 
VHz '
(46)





The sensitivity of Bragg detection was calculated in Sec­
tion V. The result was
^min
1.2 x  10~4°C 
VHz ’
(48)
Comparing these sensitivities, it is clear that for the case 
of silicon, the Bragg detection compares favorably with 
the other techniques. Because the photothermal sensitivity 
of the interferometric and acoustic lens techniques depend 
upon the expansion coefficient and thermal wavelength, the 
relative sensitivities will depend upon the material being 
examined. However, two points must be made. First, it 
can be shown that the acoustic lens technique will always 
remain more sensitive than the interferometry. Second, it 
can be shown that the 1-GHz photothermal sensitivity of 
Bragg detection will always be much greater than that of
Fig. 5. Schematic diagram of the photothermal surface probe. (1), (2) fast 
silicon diodes; (3) beamsplitter; (4) spike interference filter; (5) dicroic 
mirror; (6) polarizing beamsplitter; (7) quarter-wave plate; (8) optical 
window; (9) focusing objective; (10) sample; (11) electrical feedthrough; 
(12) gas input; (13) focusing micrometer; (14) electromechanical scanner.
displacement interferometry if the pressure of the argon 
gas is greater than 12 0  atmospheres.
VIII. E x p e r im e n t a l  V e r i f i c a t io n  o f  t h e  T h e o r y  
A. Experimental Implementation
A schematic diagram of the photothermal surface probe 
is shown in Fig. 5. A pump laser, modulated at 1.03 GHz, 
is focused by an optical microscope objective inside the 
gas cell to a diffraction limited spot on the sample surface. 
The absorbed optical power photothermally generates 
sound, which propagates away from the solid.The probe 
laser is directed through a quarter-wave plate into the cell 
by a partial mirror and a polarizing beam splitter, where 
it is focused to the same location as the pump beam. 
There, it is reflected at the sample surface as well as by 
the sound wave propagating in the gas. These two re­
flected components are then recollimated by the optical 
objective and pass through the quarter wave plate a second 
time. The two passes through the quarter-wave plate cause 
a 90-degree rotation of the polarization. The reflected 
probe therefore propagates through the polarizing beam 
splitter. It is then reflected by a dicroic mirror and finally 
passes through a narrow-band interference filter to a fast 
photodiode. The interference filter isolates the photo­
diode from the pump laser power. The cell is pressurized 
to 50-100 atmospheres by simply connecting it through a 
high-pressure regulator to a standard argon gas cylinder. 
The sample is positioned at focus by a micrometer from 
outside the gas cell. An electromechanical scanner [10] 
inside the gas cell makes possible two-dimensional scan­
ning of the sample with respect to the pump and probe 
beams. A reference signal at the frequency of the axial 
mode spacing of the probe laser (wr) is detected in a sec­
ond photodetector.
To avoid the problems of RF interference that occur 
when detecting at the modulation frequency of the pump 
laser (wa), the two longitudinal modes of the He-Ne probe 
laser are used to optically mix the heterodyne signal to a 
frequency other than that of the acoustic wave. This is 
accomplished by optically mixing the Bragg shifted signal 
from one axial mode (gj0 + coJ with the unshifted second 
axial mode (w0 + wr). The result is a heterodyne signal 
out of the optical detector at the difference between the
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Fig. 6. Heterodyne detection system.
FR E Q U E N C Y  (MHz)
Fig. 7. Theoretically predicted collinear Bragg-scattering efficiency as a 
function of the frequency of sound in the gas and the experimental data.
acoustic frequency and the axial mode spacing (wa — cor). 
This signal is then mixed down to an IF frequency, filtered 
and square law detected (see Fig. 6). For phase sensitivity, 
the signal can also be mixed down to dc and detected with 
a lock-in amplifier.
B. Frequency D epen den ce
The frequency dependence of the Bragg interaction was 
measured in the following way. A small portion of the 
pump beam was split off, and the modulated optical power 
was monitored using a fast photodetector and an RF spec­
trum  analyzer. While changing the modulation frequency 
of the pump, the signal from the probe beam was mea­
sured. The probe signal was then normalized by the mod­
ulated pump power as measured with the photodiode and 
spectrum analyzer. The experimental results are shown 
with the theoretically expected Lorentzian frequency de­
pendence in Fig. 7.
C. A bsolu te  Sensitiv ity
The absolute sensitivity of the probe to acoustic power 
was measured using a 1-GHz acoustic flat as the source of 
sound in the gas. The acoustic flat was chosen to measure 
the sensitivity for two reasons. F irst, the flat provides a 
fairly uniform acoustic power density over a relatively 
large area (104 fim2). This makes the positioning of the 
probe beam a relatively simple task. The second reason is 
that it is possible to calculate the acoustic power density
in a gas transm itted from the flat by measuring the RF 
input power and the insertion loss using a pulse echo tech­
nique. M easurement of the insertion loss of the transducer 
and calculation of the transmission of the sound from the 
flat into the gas determines the total acoustic power in the 
gas. The acoustic spot size can be calculated from the size 
of the transducer. This information provides a knowledge 
of the acoustic power density in the gas. To avoid any mis­
calculation due to a resonance of the flat itself, the inser­
tion loss measurements were made using acoustic pulses 
that were shorter than the round-trip time in the flat.
To locate the region illuminated by the acoustic power 
on the front surface of the flat, the flat was illuminated by 
a focused modulated laser. The flat was scanned with re­
spect to the laser spot, and an image was obtained of the 
photoacoustic sound detected by the flat in the receiving 
mode. A scanned optical reflection image was also ob­
tained of the same region. Comparison of the two images 
identified the region where the acoustic illumination was 
to be found. The acoustic spot diam eter was approxi­
mately 100 / im .  The optical image was then used to locate 
this region for positioning the probe beam . The following 
are the experimental conditions and the minimum detect­
able acoustic intensity / min in the gas:
P gas =  50 atmospheres 
P0 =  1-75 mW 
*cff =  04 
F  =  1.77 
B =  5 MHz 
R, =  50 Q 
/ min =  5.5 X  104 W /m2.
A calculation of the theoretical sensitivity to acoustic 
power in the gas using these experimental values indicates 
that the experimental sensitivity is a factor of 3.5 less than 
that predicted by theory. This value is not much larger 
than the combined experimental uncertainty in the mea­
surement.
D. D epen den ce  on P ressure
Using the same experimental arrangement described in 
the previous section, the pressure of the gas was varied as 
the measurement was made. The results showed that the 
signal was proportional to the pressure to a power of 2.5 
over a range of 26 to 66 atmospheres. Thus
>2.5S e x  P i (49)
The theory predicts that the signal should vary as the third 
power of the pressure of the gas [11],
The most plausible explanation of the discrepancy be­
tween the theory and experiment is the following. Since 
the probe beam is highly focused and the sound delivered 
by the acoustic flat is essentially planar, the phase fronts 
of the two fields are most closely matched in the region
near the focus. Farther from the focus, the spherical phase 
curvature on the optical beam makes efficient heterodyn­
ing impossible due to the mismatch in the phase curvature 
between the scattered and reference beams. At low pres­
sures, the acoustic attenuation is high, so the only region 
which contributes to the heterodyne signal is near the fo­
cus. As the pressure is increased, the regions farther from 
focus begin to contribute. However, due to the mismatch 
in the spatial phase fronts, they do not contribute as much 
as would be predicted by theory which assumes perfectly 
matched phase fronts. This could explain why the mea­
sured pressure dependence goes to a power of 2.5 rather 
than 3.0.
IX. Photothermal Imaging of Implanted Silicon
To dem onstrate the sensitivity of the probe to variations 
in the thermal properties of m aterials, a silicon wafer was 
implanted with 150-keV boron through a resist pattern. 
A fter implantation, the patterned resist was plasma- 
etched, leaving only a thin oxide. This oxide was then re­
moved, exposing a clean silicon surface. Thus, the silicon 
was left uniformly implanted, except in the regions where 
the resist had isolated the silicon from the boron implant. 
In these regions the silicon was intrinsic. The implant den­
sity was calculated to be 10)8/cm 3 at the surface, increas­
ing to 102l/cm 3 at a depth of 5000 A .
The sample was imaged with the photothermal probe, 
and a variation in the thermal response of the implanted 
region (darker) relative to the unimplanted regions 
(lighter) was found. The photothermal image is shown in 
Fig. 8(a). The spacing of the //-like characters from cen­
ter to center is approximately 15 microns. A three-percent 
variation in the optical reflection was measured from re­
gion to region due to the effects of the implantation. This 
optical variation is too small to account for the photo­
thermal contrast seen in the image. However, to eliminate 
any optical variation, 300 A of titanium were deposited 
on the silicon surface, and the sample was imaged again. 
Fig. 8(b) again shows the thermal contrast due to the bo­
ron implant. The titanium-covered silicon region (left) ac­
tually generates a larger photothermal signal than the sil­
icon alone. This is largely due to the greater optical 
attenuation constant of the titanium. The signal from the 
uncoated silicon region (right) is not apparent in the im­
age because the bias level and gain of the signal were ad­
justed to allow for maximum contrast in the titanium -sil- 
icon region. The source of contrast in the titanium-covered 
silicon region is the variation in the thermal wave reflec­
tance at the interface between the titanium and silicon. 
These images clearly dem onstrate the sensitivity of the 
probe to changes in the thermal properties of the silicon 
created by the boron implantation.
X. Summary
The theory behind the photothermal laser probe has 
been presented along with an experimental verification of 
the theory. The sensitivity has been shown to compare fa-
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Fig. 8. Photothermal images of implanted silicon. The darker are is the 
implanted region, the lighter region is not implanted, (a) Boron-im­
planted silicon, (b) Implanted silicon with 300 A of titanium deposited 
on the silicon in the left half of the image.
vorably with other high-resolution techniques. A figure of 
merit has been defined, and several coupling media have 
been evaluated. High-resolution images have been ob­
tained, demonstrating the resolution and sensitivity of the 
probe to variations in the thermal properties of materials.
The features which distinguish this photothermal probe 
from other techniques are the high frequency of modula­
tion, the noncontacting nature of the evaluation, and the 
high sensitivity to ac tem perature variations over very 
small areas. In applications where the highest sensitivity 
and resolution is desired, the probe should provide a 
unique tool for materials evaluation.
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